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ABSTRACT 
 
Physical vapor deposition was used to grow good quality crystalline stoichiometric 
SrTiO3 thin films on Si(001) substrates using a systematic approach starting from an 
understanding of the kinetics and thermodynamics of the system and finishing with the 
development of a procedure for preparing high quality SrTiO3/Si interface. Growth of 
optimized SrTiO3 perovskite structures on Si requires careful transformation of a thin 
interfacial SrSix layer into the initial SrTiO3 lattice cells. The critical aspects of the growth, 
such as low temperature and low oxidant partial pressure, are identified. Crystallinity and 
stoichiometry of SrTiO3 were verified using powder x-ray diffraction (XRD) and 
Rutherford backscattering spectroscopy (RBS). The SrTiO3/Si(001) interface was 
examined with X-ray photoemission spectroscopy (XPS) and RBS. The optimum 
composition can be represented with low concentration (thickness) of strontium silicate 
phases at the interface (SrxSiyOy) as well as a strong signal from strontium titanate peaks. 
Thicker samples were grown with the procedure developed and were implanted with iron at 
21016 ions/cm2 for future magnetic characterization. 
In parallel to the thin film growth, (001) SrTiO3 single crystals were implanted with 
iron at doses ranging from 21014 to 21016 ions/cm2 and magnetic measurements were 
carried out with a superconducting quantum interference device (SQUID). The results 
show negative susceptibility, predominately diamagnetic behavior which is characteristic of 
SrTiO3 and small paramagnetic response at low magnetic fields, indicating the possible 
presence of oxygen/titanium vacancies. The temperature dependence of magnetization 
measurements did not reveal phase changes. We note that it was difficult to identify any 
iv 
trends between implanted samples most likely due to oxygen contamination of the 
measurement system. Future experiments are proposed to develop a quantitative and 
consistent agreement between Fe phases in SrTiO3, SrTiO3 defect concentrations and 
magnetic responses.   
 
Keywords: Strontium Titanate, integration with silicon, ultra-thin films growth, magnetic 
properties, Rutherford backscattering spectroscopy (RBS), powder x-ray diffraction 
(XRD), X-ray photoemission spectroscopy (XPS), superconducting quantum interference 
device (SQUID). 
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CHAPTER 1: INTRODUCTON 
 
 One of the most fascinating aspects of the physics and chemistry of oxide materials 
is the wide variety of the properties they exhibit. While classical semiconductor materials 
typically have a single functionality, and the coupling between mechanical, electrical and 
magnetic properties is relatively weak, this is not the case for the oxides. Century-old 
examples include strong coupling between electrical and mechanical properties in 
ferroelectric and piezoelectric materials that brought forward multiple applications such as 
sensors, actuators and transducers [1]. A high degree of polarization in manganites provides 
one of the possible material bases for spintronic devices, whereas switchable polarization 
in ferroelectric materials might enable non-volatile memory devices [2]. 
 This variety of properties comes at a price. In classical semiconductors, only a few 
key parameters need to be controlled to achieve reliable device performance. In oxide 
materials, on the other hand, the tendency to form oxygen vacancies and to develop 
concentration gradients due to dopant segregation hinders the preparation of device-ready 
materials. Rapid progress of the last two decades using molecular beam epitaxy (MBE) and 
several other growth methods allowed preparation of oxide films with extremely low defect 
density, sparking a new interest for these applications.  
 Today there is still a growing need for the development of new materials for various 
applications. One of the ways to synthesize novel structures is through the use of 
heteroepitaxy. The term epitaxy (from Greek “”, ‘on’ and “”, ‘arrangement’) 
refers explicitly to a situation where the lattice structure of the overlayer film is very 
similar to the substrate [3]. In the simplest case, the system seeks the lowest energy 
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arrangement of such a lattice forced into contact with a substrate that exhibits a slightly 
different lattice constant. Early experiments of crystal growth clearly showed that there 
exists a preferred relationship between heterogeneous crystal lattices when they are forced 
into contact, often based on the purely geometrical matching considerations. The 
heteroepitaxial growth of oxides on semiconductors such as silicon (Si), germanium (Ge), 
or gallium arsenide (GaAs) presents opportunities to combine the superconducting, 
dielectric, magnetic, or ferroelectric properties of oxides, while at the same time exploiting 
the properties of the semiconductor substrates. It is of critical importance to achieve good 
control and establish a sharp oxide/semiconductor interface in order to achieve successful 
integration of both structures.  However there are various problems associated with the 
growth process: small yet significant lattice mismatch, thermodynamic instability of both 
materials, delicate and complicated growth parameters.  For example, heteroepitaxial 
growth on silicon is often challenging, as it oxidizes easily, and often reacts with the 
elements of the overlaying thin film. Still, through a comprehensive and detailed 
understanding of the regions of stabilities of the two different materials, their successful 
union can be achieved.  
 This thesis pursued two goals. The first objective was to grow epitaxial and 
crystalline strontium titanate (SrTiO3, STO) films on Si(001) substrates with an interface as 
sharp as possible (zero thickness). The second goal involved a systematic characterization 
of the compositional and magnetic properties of pure and Fe-doped single crystals (STO), 
and comparison of their properties with thin STO films on Si. In the following section I 
provide a brief introduction to the STO crystal structure, its physical properties and recent 
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advances in STO-based thin film materials.  
 
1.1 Strontium titanate: crystal structure and properties 
 
Strontium titanate (STO) is a material with a wide range of unique properties.  Its 
structure consists of alternating layers of strontium oxide and titanium oxide (see Figure 1). 
At room temperature it has a cubic perovskite structure with a lattice constant of 3.931Å 
and density of 5.17 g/cm
3
. The melting point of strontium titanate is near 2080 
°
C. The 
material is an insulator with a bandgap of 3.2 eV. If it is cooled below 105 K, it undergoes a 
Figure 1.1: Crystal structure of cubic strontium titanate. The structure consists of 
alternating layers of SrO and TiO2. 
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phase transition from a cubic structure with Pm3m space group to a tetragonal one with 
P4mm space group (Figure 2). This phase transition is accompanied by changes in 
electrical properties. Normally such a phase transition would give rise to ferroelectricity, 
however up until 0 K the material does not display such transition. For this reason the 
material belongs to a class of quantum paraelectric or incipient ferroelectrics, where 
polarization vs electric field curves remain linear and material does not display permanent 
polarization. The stability of paraelectric phase is attributed to quantum fluctuations of the 
atomic positions which quench ferroelectric transition temperature [5, 6]. Additionally, at ≤ 
0.35 K this material becomes superconducting [7]; it was the first discovered insulator that 
exhibits superconductivity.  
 
Figure 1.2: Crystal structure of tetragonal strontium titanate [4]. Layers of SrO and TiO still 
alternate, however the structure is extended in the vertical direction, thus inducing an 
electric dipole between the positive Ti
4+
 ion center, and O
2-
 ions on the periphery. 
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 In its stoichiometric form, SrTiO3 has strontium in the oxidation state Sr
2+
, titanium 
as Ti
4+
, and oxygen as O
2-
. Besides this simple SrTiO3 stoichiometry, there exist 
homologous series of Srn+1TinO3n+1 compounds, called Ruddlesden-Popper phases (R-P), 
[8], which are outside the scope of this thesis. Ruddlesden-Popper phases consist of 
alternating layers of perovskite (ABO3) and rock salt (AB) structural elements. They have 
the general formula of (AO)(ABO3)n, where n is the number of perovskite layers. For pure 
perovskite structure ABO3, n=∞. 
SrTiO3 can also develop various point defects, among which oxygen or cation 
vacancies are the most common [9]. For instance, when pure SrTiO3 is heated under a 
reducing atmosphere, lattice oxygen atoms can diffuse and recombine into molecular O2. 
While stoichiometric un-doped SrTiO3 has a band gap of 3.2 eV, introduction of defects or 
dopant atoms into the structure can cause appearance of additional energy level within the 
band gap, making it a conductor.  
 
1.2 Progress in growth of epitaxial STO films on Si(001)  
 
There is a very good lattice match between STO and Si. The rotation of a Si (001) 
surface by 45
o
 around [001] axis  produces ~2% lattice mismatch between the Si and STO 
(100) surfaces (Fig. 3). The structural similarities of the surfaces, combined with high 
dielectric constant, spurred research into STO as a promising candidate for the replacement 
of SiO2 gates in high-k applications.  Having a high- material in the structure would result 
in the reduction of leakage currents, and in theory the lattice match between Si and STO 
would  eliminate  the  degradation  of  the  interface  by  removing  interfacial  defects and 
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Figure 1.3: a) (001) Si surface rotated by 45
o
 around z axis.  b) Strontium oxide (SrO) 
terminated (001) SrTiO3 surface. 
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avoiding an amorphous layer at the interface. Degradation of the interface is a very 
common problem during growth of functionalized oxides/Si structures. 
The main difficulty with integrating STO on silicon is the formation of undesirable 
phases at the interface during the growth of thin films.  Referred to as an amorphous 
interface layer (AIL), they are a mixture of strontium silicates (SrSiO3, Sr2SiO4 and 
Sr3SiO5) and silicon oxide species (SiOx).   
Pioneering work by McKee [10] successfully established a good quality STO/Si 
interface using molecular beam epitaxy (see Figure 4). Subsequently several other groups 
[11, 12] have improved the interface by avoiding formation of strontium silicates and 
silicon oxide.  The general growth procedure for STO on Si is outlined in Chapter 2. Both 
materials are thermodynamically unstable when in direct contact, and in order to achieve 
their integration and eliminate the formation of SrSiOx, a SrSix layer (oxygen deficient 
interface) has to be formed in order to kinetically trap the structure.  
Kolpak and Smail-Beigi reported that oxygen-deficient interface creates a barrier 
which renders the diffusion of oxygen towards the interface energetically unfavorable [13]. 
Unfortunately, despite making high quality STO/Si structures, their application in high- 
gate dielectrics is not yet possible. Field effect transistors fabricated using STO as gate 
dielectric showed poor performance [12]. High current leakage density was observed due 
to the small conduction band offset between STO and Si. This offset is very sensitive to the 
interface stoichiometry and growth conditions [14]. The mechanisms behind interface 
formation are extremely complex and not well understood, with several groups reporting 
varying and contradictory results [15, 16]. 
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Figure 1.4: High-resolution transmission electron microscopy Z-contrast image of SrTiO3 
on (001) silicon. The epitaxy that is apparent is (001) SrTiO3 || (001) Si and SrTiO3[110] || 
Si[100]. On the left side of the parallel image is an inset model of the perovskite/silicon 
projected on TEM image.. (Figure reprinted with permission from R.A. McKee, F.J. 
Walker, and M.F. Chisholm, Phys. Rev. Lett. 81 (1998) 3014. Copyright 1998 by the 
American Physical Society). 
 
Still, one should not discount the value of the STO/Si structures. There is a class of 
materials, so-called functional oxides, which display a wide range of potentially useful 
electric and magnetic phenomena-ferroelectricity, ferromagnetism, piezoelectricity, 
thermoelectricity, superconductivity and are being actively studied for applications in 
switches, radiofrequency filters, ferroelectric transistors and memories, energy conversion 
systems, and nanoelectromechanical systems [16]. Integrating these oxides on single 
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crystal STO is economically unfeasible, however using STO as buffer layer between silicon 
and oxide is a viable alternative for direct integration. Recently, ferroelectric behavior of 
thin STO layer on top of silicon was observed to be stable up to 400 K [17, 18]. Also, giant 
piezoelectric phenomena were observed on STO thin films grown on Si [19]. Such results 
demonstrate the possibility of ferroelectric/semiconductor structures, which in future may 
lead to transistors that can maintain their logic configuration without external power. 
In the next chapter a brief introduction on origin of magnetism in transition metal 
oxide will be presented. A more detailed discussion on this topic is provided in Chapter 4. 
 
 
1.3 Magnetic properties of oxide materials 
Magnetism in solids originates from the magnetic properties of an electron:  
μB =
eh
4πme
, 
(1.1) 
where B=9.2710
-24
 J/T is the Bohr magneton, the fundamental unit of measuring 
magnetic moment. Whereas total spin angular momentum is defined as: 
𝜇𝑆 = 𝑔(𝑆(𝑆 + 1)
1
2𝜇𝐵 
(1.2) 
where S=1/2, the spin quantum number, g~2, the gyromagnetic ratio for electron, B, the 
Bohr magneton. For a free electron S = 1.73 B. Almost all metal atoms, except alkaline 
metals, have outer orbitals occupied by multiple electrons which pair up with another 
electron of opposite spin. When all of the electrons in an atom are paired, the atom is 
diamagnetic. All diamagnetic materials have a small negative magnetic susceptibility. The 
application of an external magnetic field creates a magnetic moment which 
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cancels/opposes the externally applied magnetic field.  Atoms or ions that have unpaired 
electrons are paramagnetic. The magnetic moment of an atom with unpaired electrons is 
dependent on the spin, S, and orbital angular momentum, L, numbers (neglecting spin-
orbital coupling): 
  𝜇eff = [4𝑆(𝑆+1) + 𝐿(𝐿 + 1)]
1
2𝜇𝐵. 
(1.3) 
Paramagnetism corresponds to a positive magnetic susceptibility. When a paramagnetic 
material is placed in external magnetic field, the latter forces the spins of unpaired 
electrons to align in the direction of the field, thus inducing magnetization.  
Unpaired electrons and paramagnetism are usually associated with the presence of 
either transition metal or lanthanide (actinide) ions. In many transition metal compounds 
the surrounding anions cancel the orbital angular momentum and one need only take into 
account the spin moment. Deviation from the spin-only value can be due to either orbital 
contributions (for partially filled t2g orbitals) or spin-orbital coupling, which will increase 
the moment for d
6
, d
7
, d
8
 and d
9
, and decrease the moment for
 
 d
1
, d
2
, d
3
 and d
4.
 Several 
typical transition metal ions, their electronic configuration, and estimated and observed 
magnetic moments are listed in Table 1.1. 
If a material is placed in an external magnetic field, the presence of the magnetic 
field will induce a magnetic moment. The relationship between magnetization (M) and 
applied magnetic field (H) is captured during experimental measurements. For a linear 
material the relationship is: 𝑀 = 𝜒𝐻. The term 𝜒 is proportionality constant, it shows 
relationship between the induced total magnetic moment and  the applied magnetic field, it 
is a dimensionless units.   
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Table 1.1: Selected transition metal ions, their electronic configuration, estimated and 
observed magnetic moments 
Ion Electronic 
configuration 
S S(B) S+L(B) obs(B) 
Ti
4+
 3d
1
 1/2 1.73 3.01 1.7-1.8 
Cr
3+
 3d
3
 3/2 3.87 5.21 3.7-3.9 
Fe
3+
 3d
5
 5/2 5.92 5.92 5.7-6.0 
 
 
1.4 Magnetic and dielectric properties of strontium titanate 
 
 In the case of SrTiO3 in its stoichiometric bulk form, most evidence to date suggests 
that it is diamagnetic.  Occurrence of ferromagnetism in metal oxides that contain no 
magnetic ions has been a source of much interest in recent years, with SrTiO3 in particular. 
There was a conclusion that there are three possible contributions to the magnetization in 
STO: an intrinsic diamagnetic contribution, a paramagnetic contribution due to various 
transition metal impurities, and a ferromagnetic contribution due to transition metal 
impurities or defects in STO, such as oxygen or cation vacancies [20]. 
The direct consequences of STO being a quantum paraelectric are a high dielectric 
constant and low dielectric losses.  At room temperature, its dielectric constant is at ~300, 
and if the sample is cooled to 0 K, the dielectric constant increases to 10
4
.  
 A promising application of these ferromagnetic properties is in the field of dilute 
magnetic semiconductors, where one is able to control spin and charge degrees of freedom 
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through doping. The current development is directed towards modulating spin polarization 
of electrons by a gate voltage [21]. Magnetic behavior in these materials is typically 
controlled by introducing magnetic ions such as Fe
3+
 or Co
3+
, into the STO lattice. 
Conductivity, on the other hand, is controlled by substituting Sr sites with elements that can 
donate extra carriers, such as La
3+
 or Nb
5+
. Also, the presence of Fe and Co tends to reduce 
the number of available charge carriers because both act as electron acceptors [22]. 
 Doping of metal oxides with magnetic ions can be achieved directly during solid 
state synthesis typically at high temperatures. Alternatively, a similar effect can be achieved 
by magnetic ion implantation. In addition to introduction of magnetic atoms into the 
surface layer of material, ion bombardment at varying doses introduces considerable 
damage to the STO crystal. Therefore the ability to recover accumulated defects and 
activate implanted dopants is of great importance. 
 
1.5 Ion implantation of strontium titanate, damage and its recovery 
 
 A good understanding of implantation and subsequent damage recovery at various 
temperatures for single crystal STO has been achieved by several groups.  In earlier 
studies, Rankin et al., [23] reported that the presence of water vapor significantly reduces 
activation energy of damage recovery and increases rate of damage recovery in STO thin 
films grown atop a single crystal STO. Soulet et al., and Sabathier et al., [24, 25] have 
done extensive investigation on the evolution of disorder in single crystal STO at various 
annealing temperatures.  One of their results indicates that at 393 °C the damage 
accumulation induced by Pb ions is offset by annealing mechanisms, resulting in a steady-
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state between the rate of damage creation and its recovery. At the same time, Zhang et al., 
[26] have reported that a similar steady-state process is established between between gold 
ions and single crystal STO, but at a slightly lower temperature of 370 °C. This suggests 
that appropriate annealing temperature for STO crystals and thin films may be around 
370 °C or higher to recover ion beam damage.  
Still, there is a difference between temperatures needed for damage recovery and 
temperatures required for activating implanted ions.  Wahl et al., used a combination of 
positron channeling spectroscopy and Rutherford backscattering spectroscopy (RBS) to 
determine the degree of damage recovery in single crystal STO following Fe implantation. 
Unlike for thin films, the complete recovery and activation of Fe in STO crystal structure 
occurs at 1200 °C, where iron exclusively occupies only substitutional titanium sites. The 
reason for such preference is the nearly identical ionic radii of Fe
3+
 and Ti 
4+ 
(preferred 
oxidation state of Ti in STO).  Understanding of the preferable location of the implanted Fe 
would give a better understanding of the nature of magnetic phenomena in single crystal 
STO [22]. Several groups have reported ferromagnetic behavior of Fe and Co-doped STO 
single crystals and thin films at room temperature [27, 28].  Herranz et al., demonstrated 
that the nature of magnetism in Fe doped STO samples tends to vary. They used Hall probe 
and magnetic measurements on series of (La-Fe) doped SrTiO3 samples prepared by pulsed 
laser deposition and demonstrated that if only Fe is present, the origin of magnetism is due 
to interactions between bound magnetic polarons or to different oxidized states of iron 
(Fe
3+
, Fe
4+
). Furthermore, introduction of La into SrTi1-xFexO3, besides modifying 
conductivity also changes the nature of magnetism to carrier-mediated, when interactions 
between paramagnetic sites are mediated by conducting electrons. On the other hand the 
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nature of magnetism in Co doped thin films is being investigated. The same authors report 
the increase in magnetization after annealing under vacuum and decrease after annealing 
under oxygen atmosphere for Co doped STO thin films [28].  
 
1.6 Thesis Overview 
 
 As was mentioned earlier, the first part of this project involved developing a growth 
procedure for STO ultra-thin films on Si to achieve sharp SrSix interfaces and to minimize 
formation of strontium silicates. The ability to produce pure STO samples would create the 
basis for other kinds of work, such as investigating different perovskite/perovskite or 
perovskite/oxide interfaces, or serving as a buffer layer for the growth of other oxides. 
Investigating the magnetic phases of STO thin films doped with Fe would require a similar 
system of single crystal STO for comparison. For this reason the second part of the project 
involved implantation of STO single crystals with various doses of Fe ions and 
investigating their magnetic properties.  
Chapter 2 summarizes the essential components of our STO deposition system and 
gives a general overview of experimental details that are encountered in the subsequent 
chapters. We also outline the optimized procedure for STO deposition. Chapter 3 focuses 
on the characterization of prepared STO films using Rutherford Backscattering 
Spectroscopy and X-ray Photoemission Spectroscopy, and optimization of the STO/Si 
interface. Chapter 4 details and compares the magnetic properties of single crystal STO 
doped with various doses of Fe, while Chapter 5 will summarize our conclusions and 
outline the future directions for this work. 
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CHAPTER 2: EXPERIMENTAL DETAILS 
 
The major part of this thesis is focused on results acquired for Fe-implanted 
strontium titanate single crystals (SrTiO3 (001)), MTI Corp., http://www.mtixtl.com/) or 
SrTiO3 thin films deposited on the Si(001) surfaces. Therefore, in this chapter the emphases 
will be made on the main features of the experimental settings required for the sample 
growth and implantation with specific details of our experimental setup. Physical vapour 
deposition (PVD), quartz crystal monitor (QCM), Rutherford backscattering spectrometry 
(RBS), X-ray photoemission spectroscopy (XPS), X-ray powder diffraction (XRD)  and 
superconducting quantum interference device (SQUID) magnetometry served as the 
primary growth and characterization tools used in this work. The following sections 
provide a brief overview and description of the parameters used in our experiments. 
 
2.1. Strontium Titanate Deposition System Overview 
 
2.1.1. Physical Vapor Deposition 
 Physical vapour deposition is a simple technique that creates a desired flux of 
materials by heating up the source and evaporating the material onto a substrate. The films 
are often grown through reactions that occur at a substrate surface maintained under ultra-
high vacuum condition, where individual atomic species are delivered to the substrate in 
the form of thermally generated molecular or atomic beams. Delivery of a beam during 
deposition requires a low pressure growth environment to avoid scattering processes. The 
growth rates are relatively slow (typically less than 0.1 ML/s); therefore ultra-high vacuum 
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and in-situ diagnostic tools during growth are required. The deposition of STO thin films of 
silicon has been achieved in several stages. First, the physical vapor deposition (PVD) set-
up was assembled to deposit thin films. This PVD set-up is similar in a number of aspects 
to other systems described in various textbooks, [29] and is illustrated in Figure 2.1.  
 
Figure 2.1: Physical vapor deposition system 
 
The main components of the apparatus are a loading chamber with a transfer arm, 
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an ultra-high vacuum deposition chamber with Sr and Ti sources, and some other auxiliary 
equipment. Sources, both strontium and titanium were designed at the beginning of the 
project and installed at the bottom of the deposition chamber. The oxygen was delivered 
into the chamber through the leak valve which allows one to control oxygen partial 
pressure in the range of 10
-9
-10
-7
 torr. The thickness of the film was monitored with a 
quartz crystal monitor (or micro-balance, QCM). The sample was positioned at the same 
elevation as the QCM in a way so that fluxes from Ti and Sr arrive at the sample 
simultaneously.  The deposition of the thin films was accomplished in steps followed by 
annealing at low oxygen pressure to achieve crystallization of STO.  
From the system operation viewpoint, the PVD setup consists of a two sections: a 
loading chamber (on the right side of Figure 2.1) and deposition chamber with a 
mechanical gate valve between. Both sections are connected to separate turbo pumps that 
are connected to independent roughing mechanical pumps. The gate valve between the 
loading chamber and deposition chamber is normally closed when new sample is being 
loaded. Prior to introducing a new sample, the loading chamber is vented with dry nitrogen 
to avoid water condensation from the atmosphere and improve background pressure. When 
pressure in the loading chamber reaches ~ 110-8 torr, the gate valve can be opened and the 
sample is moved to the deposition chamber, using a magnetically-coupled transfer arm. By 
aligning the transfer arm with a deposition chamber manipulator, the sample is locked in 
position and is ready for deposition. The gate valve is typically closed during deposition to 
isolate the deposition and loading chambers, and to ensure that the best vacuum level can 
be achieved during deposition. The starting deposition conditions are at ~110-9 torr 
background pressure, which was the lowest we were able to achieve after a mild heating to 
18 
 
~ 80 ºC (bake-out). (Note: it is possible that vacuum in the chamber is at 110-10 torr after 
bake-out, however it could not be picked up by the ion gauge controller). 
In order to achieve crystallization of the STO films during deposition with a 
desirable interface composition between STO and Si, samples need to be heated, and 
temperatures need to be monitored with good precision. The heating was accomplished by 
passing current through very low resistivity Si wafers, around 0.001-0.003 Ohm-cm, P 
type, boron doped. The maximum temperature  900 ºC was achieved when a current close 
to 10 A was passed through the sample. When a current of 8 A was maintained for more 
than 1 hour, thermocouple began to give abnormal reading and eventually melted into the 
substrate. The finer temperature control was achieved by connecting the multimeter to a 
power supply. An increase of .01 V across the sample holder yielded a 1-3
o
C increase in the 
temperature of the substrate as shown by the thermocouple. The relationship between 
temperature and the power supply voltage was approximately linear. 
Monitoring of the substrate temperature was accomplished through a K-type 
thermocouple (TC) which was spot welded to the sample holder. Existing TC wires inside 
the chamber were connected to the temperature indicator. When a thermocouple tip comes 
into contact with the heated surface, the c potential difference created between two wires is 
translated into the temperature of the surface, which was registered by a temperature 
indicator.  We note that thicker in diameter (d=0.5mm) TC wires have been tested at the 
beginning of the project. While they allowed us to heat samples to a higher temperature, it 
was not possible to achieve a good reproducible contact between the TC tip and sample 
surface, and our temperature measurements were not as reliable; hence we choose to use 
thinner wires. 
19 
 
 
2.1.2. Strontium and titanium evaporators 
 Controlled growth of STO requires precise and controlled deposition fluxes of both 
Sr and Ti. In addition, very small metal coverage from as low as 0.1ML to >10ML must be 
deposited onto the surface in a reproducible way. Therefore Sr and Ti evaporators has been 
designed or modified to satisfy these requirements. The schematic of the Sr PVD source is 
presented in the Figure 2.2.  It consists of a stainless steel heat protective enclosure with a 
small alumina tube inside, the latter filled with strontium metallic granules. A tungsten-
rhenium wire is wrapped around the alumina tube and spot welded to the steel rods (or 
contacts), one at the top and one at the bottom. The steel contacts (rods) are connected to 
the electrical feedthroughs by copper barrel connectors. To avoid a possible short circuit, 
both stainless steel rods are covered with the thin alumina tubes. 
Strontium is a highly chemically reactive metal, which turns from silver-white 
metallic to a yellowish oxidized state when exposed to air. Special precautions were taken 
to load Sr into the evaporator to prevent oxidation. Metallic Sr granules of 99.8% purity 
were ordered from Alpha-Aesar. The alumina tube was cleaned in an ultrasound bath with 
acetone to eliminate any impurities. Sr granules were cut using steel knife in Pyrex dish 
inside a dry-bag in dry N2 or Ar atmosphere, and inserted into an alumina tube, which was 
in turn installed inside a source. After assembly of the Sr source was completed inside a dry 
bag, it was quickly mounted on a deposition chamber with a minimum exposure to air (< 
1min), and the chamber was pumped immediately. Following this careful Sr loading 
procedure, the remaining oxygen and carbon contamination were removed by outgassing 
(i.e, by heating source to temperatures lower than a Sr deposition temperature). The  
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Figure 2.2: Schematic of the strontium deposition source showing the stainless steel 
housing with cooling shield, electrical feedthroughs, and alumina tube filled with Sr 
granules (top) and titanium source (bottom). 
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outgassing procedure required several cycles over the course of a few hours. At the end of 
each cycle of outgassing the pressure in the chamber dropped gradually from 110-6 to 
110-9torr. Operation currents for Sr deposition varied from 7 A (8V) to 12 A (~8V) from 
lower to higher deposition rates.  
 Initially titanium source was designed and built using the Ti sublimation pump 
design as a reference. However, it didn’t allow us to reach high evaporation rates and 
commercial source had to be installed. It consists of the Ti mini-ball as a source of pure Ti 
metal and a high-current vacuum feedthrough (Aglient Tech) as presented in figure 2.2. 
The high-current low-voltage DC power source was connected to the titanium source. The 
maximum allowable current is of order 41-45 A, with the voltage  increasing slightly as the 
source is heated.  
 
2.1.3. Quartz crystal microbalance 
 In situ monitoring of the thickness of the thin film was accomplished using a crystal 
quartz microbalance (QCM), model Inficon XTM/2. When an alternating current is passed 
through a suitably cut piece of quartz the piezoelectric nature of the crystal leads to the 
formation of standing shear wave which oscillations at a certain resonant frequency. When 
a layer of certain thickness is deposited, the frequency of oscillations will change 
proportionally to the deposited layer mass or thickness, as long as other parameters are held 
fixed. The relationship between oscillations and film thickness is described by the 
Sauerbrey equation [30]: 
𝛥𝑓 =
−2 ∗ 𝛥𝑚𝑓0
2
𝐴√𝜌𝑞𝜇𝑞
 
(2.1) 
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where: Δf – frequency change, fo – a resonant frequency, Δm – mass change, ρq – density of 
quartz, μq – shear modulus of quartz, A – piezoelectric active area.  
The above equation is applicable under following conditions. deposited mass must 
be rigid, the deposited layer is uniform, and the change in frequency is less than 2% (non-
linear effects will take place otherwise). 
For the deposition of thin films in vacuum, the Z-match method is often used. It is 
usually done to accommodate the elasticity of the deposit as thin film thickness increases. 
Lu and Lewish developed Z-match equation to determine the relationship between change 
in frequency Δf to change in mass Δm during thin film growth [30]:  
𝛥𝑚
𝐴
=
𝑁𝑞𝜌𝑞
𝜋𝑍𝑓𝑙
𝑡𝑎𝑛−1 [𝑍 𝑡𝑎𝑛 (𝜋
𝑓𝑢 − 𝑓𝑙
𝐹𝑢
)]    
(2.2) 
where Z = √(
ρqμq
ρfμf
) , 𝛥𝑚 – change in mass, 𝑁𝑞– frequency constant for a cut crystal, 𝜌𝑞  – 
density of quartz, 𝜌𝑓 – density of thin film, 𝑓𝑢 – frequency of unloaded crystal, 𝑓𝑙 – 
frequency of loaded crystal, 𝜇𝑞 – shear modulus of quartz,  𝜇𝑓   – shear modulus of a thin 
film.  
In majority of cases, the Z factor and density are very close to bulk values. During 
deposition of the materials tabulated values from the QCM manual of the Z factor for 
strontium oxide and titanium oxide were used [30]. 
 
2.1.4. Deposition rate calibration 
In order to determine the relationship between the thickness of the deposited 
strontium layer and the QCM reading, the QCM was positioned at the same elevation as the 
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sample and ~ 1 cm apart. Two depositions were made at 2.5A (8V), and subsequent SrO 
film thicknesses was measured using Rutherford Backscattering Spectrometry (RBS) 
which will be discussed in the next few pages. The estimated correction coefficient  was 
close to 1 between thickness of the deposited strontium oxide layer and respective QCM 
reading, d(QCM)=d(RBS). It is approximately the same for titanium oxide.  
The above information was used to calibrate the Sr and Ti fluxes. The Ti current 
was set to 44A. At this value the deposition rate was 1 Å/min. The current on the strontium 
source was adjusted to the same value of the deposition rate: ~1 Å/min. (Note, both 
samples were slowly and thoroughly heated before the deposition was made, to eliminate 
undesirable fluctuations in deposition rate.) The result of the fit to RBS data give thickness 
of approximately 60Å SrTiO3 sample is shown in Figure 2.3. (We will discuss details of 
RBS measurements in the following section). The measured RBS thickness was 62Å and 
Sr to Ti ratio at 1.04. The quality of the fit was determined from the following condition,  
 √#𝐶𝑜𝑢𝑛𝑡𝑠𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑  > |#𝐶𝑜𝑢𝑛𝑡𝑠𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − #𝐶𝑜𝑢𝑛𝑡𝑠 𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑| 
The above condition is used to determine the quality of the fit by comparing the number of 
counts from simulated and collected spectra, i.e. we considered that fit is good when this 
condition was satisfied. 
 
2.2  Iron ion implantation 
 
2.2.1. Ion beam implantation 
 An iron (Fe) ion beam was generated using the 1.7 MV Tandetron accelerator at  
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Figure 2.3: RBS spectra for 60 Å SrTiO3/Si(001) measured with a 0.5 MeV He
+
 beam.. The 
red dots represent the experimental counts received as a function of backscattered energy.  
The blue line corresponds to the simulated spectrum.  
 
WSC G49 (see Figure 2.4). This accelerator provides ion beams capable for both materials 
analysis (RBS) and modification (implantation). Two different ion sources (we used 
duoplasmatron source for He from He gas, and sputter source for Fe) are capable of 
generating a wide range of non-radioactive elements for the ion beams. 
First, the negative ions produced from the sources are attracted by the high positive  
Counts 
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Figure 2.4: The schematics of Tandetron accelerator. 
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voltage at the terminal halfway down the accelerator tank. In the terminal, they pass a short 
section called the stripping canal; the negative ions lose two or more electrons in collisions 
with a stripping gas (N2). Then at the second stage, the new positive ions are accelerated 
away from the positive terminal voltage. This tandem effect is very effective to generate 
high-energy ion beams with energies high-energy ion beams with energies up to a few 
MeV. An ultra-high vacuum beam line is necessary to keep the beam line free of residual 
gas. This prevents the attenuation of the ion beam by reducing collisions between the ions 
and the molecules, or the formation of a contamination layer on the sample during the 
implantation. Ion beam implantation was performed at room temperature in UHV (~10
-8 
Torr) on single crystal STO. The energy of the Fe beam from the accelerator was 30 keV. 
The beam currents were kept below 1 A to prevent excessive beam heating. 
 
2.2.2 SRIM simulation of ion implantation  
 Prior to ion implantation, the Stopping and Range of Ions in Matter program 
(SRIM-2011) was used to simulate the distribution of Fe ions inside the SrTiO3 lattice as 
well as overall damage created in terms of strontium, titanium and oxygen vacancies. 
SRIM-2011 is a Monte-Carlo code that provides theoretical projections of the energies and 
depth profiles [31]. Implanted Fe profiles in STO for the incident energy of 30 keV with 
are presented in Figure 2.5. Energy of the Fe ions was selected as 30 keV, just enough to 
make sure that the largest concentration is close to the surface layer of STO and STO/Si 
samples. The concentration profile inside the STO sample is shown to decrease gradually 
with thickness and to stop at a depth of ~400 Å. 
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Figure 2.5: SRIM simulation of the distribution of implanted iron at 30keV and normal 
incidence geometry. 
 
2.3 Rutherford Backscattering Spectroscopy 
In order to confirm the results from SRIM and to better characterize the samples 
created, a way to determine the distribution of implanted ions is required. The depth 
distribution of excess implanted Fe was determined using the technique known as 
Rutherford Backscattering Spectroscopy (RBS). RBS was performed on both implanted 
samples using He
+
 at 0.5-2 MeV, at normal incidence and with a backscattering (detector 
angle) angle of 170
o
. Antimony standard sample (Si sample implanted with Sb at the dose 
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of 4.841015 atoms/cm2) was measured with to calculate the solid angle of the detector, 
which is required for simulations. 
 The principle of the technique involves measurement of the energy distribution of 
backscattered ions from different layers inside the sample. The information obtained from 
such spectra is used to determine the thickness and composition of the layer, by simulating 
measured backscattered spectra it with SIMNRA computer code [32].  
The program uses calculated scattering cross-section for incident and stationary 
charged particle interaction to find the number of backscattered particles. The energy of the 
incident particles at a depth z is determined from stopping powers and the value of 
kinematic factor is used to calculate the energy loss of the interaction. Typical RBS probing 
depths are up to micron. The kinematic factor for target-projectile interaction is used to 
determine the energy of backscattered particle defined as: 
𝐾 = [
(𝑀2
2 − 𝑀1
2𝑠𝑖𝑛𝜃)
1
2+𝑀1𝑐𝑜𝑠𝜃
𝑀1+𝑀2
]
2
 
(2.3) 
  In the analysis of RBS spectra, Rutherford cross section (𝜎) is used. It uses masses 
and charges of projective and target atoms to calculate the probability of interaction: 
𝜎(𝐸, 𝜃) = (
𝑍1𝑍2𝑒
2
4𝐸
)
2
×
4 [(𝑀1
2 − 𝑀2
2𝑠𝑖𝑛2𝜃)
1
2+𝑀2𝑐𝑜𝑠𝜃]
𝑀2𝑠𝑖𝑛4𝜃(𝑀2
2 − 𝑀1
2𝑠𝑖𝑛2𝜃)
1
2
2
, 
(2.4) 
where M1, M2 – mass of projectile and target atom,  Z1, Z2  – mass and charge of target 
atom,  𝛩 – scattering angle,  𝜎 – differential cross section. 
 In some cases the cross-section has to be modified if the energy of projectile is too 
large (typically above 3MeV for light elements), to include non-Rutherford cross sections. 
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For high energies the cross-sections are used from tabulated data for different projectile-
target pairs. If the energy of the projectile is below ~300keV (not applicable on our case) 
one has to take into account shielding due to electron clouds by multiplying the scattering 
cross section by a factor F.  
In the modeling procedure, the sample is subdivided into several sublayers with 
thickness 𝑑𝑥 and well defined composition. The yield from each sublayer is calculated 
from the following equation: 
𝑄 = 𝑁0𝛺𝜎(𝐸)
𝛥𝑥
𝑐𝑜𝑠𝛼
 , 
(2.5) 
where 𝑄 – integrated number of counts, No – areal density of the element,  𝛺 – solid angle 
of the detector, 𝜎 – differential scattering cross section, 𝛥𝑥 – thickness of sublayer, α – 
angle of incidence.  
 Since the sample is composed of sublayers, differential cross section is determined 
at the average energy between beginning and the end of the sublayer. The energies at the 
end of each sublayer are calculated by solving stopping power equation or from tabulated 
data, using the kinematic factor. Finally, the simulation profile is a result of a convolution 
of the resolution function of the detector, which has a Gaussian shape, and distribution of 
the scattered ions. 
Typical RBS spectrum for a 60Å SrTiO3 sample is shown in Figure 2.3. 
Measurement of the standard sample, antimony are necessary in order to determine the 
detector solid angle,. The red dots represent the counts received as a function of 
backscattered energy.  The blue line corresponds to the simulated spectrum from SIMNRA. 
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2.4 X-ray photoelectron spectroscopy 
The purpose of the XPS was the refinement of the deposition procedure by 
monitoring the interface composition between STO and Si, which ideally should consist of 
an O poor and Sr rich region.  
 The XPS measurements were carried out with a Kratos Axis Ultra spectrometer 
using a monochromatic Al Kα source (15 mA, 14 kV) at Surface Science Western. The 
instrument work function was calibrated to give a binding energy (BE) of 83.96 eV for the 
Au 4f7/2 line for metallic gold and the spectrometer dispersion was adjusted to give a BE of 
932.62 eV for the Cu 2p3/2 line of metallic copper. High resolution analyses were carried 
out with an analysis area of 300 × 700 µm and pass energy of 20 eV. Spectra have been 
charge corrected to the main line of the C1s peak (adventitious carbon) set to 284.8 eV.  
 The principle behind the x-ray photoelectron spectroscopy is that by measuring 
energy distribution of the ejected photo-electrons one can determine the oxidation state and 
relative concentration of elements at the surface. When monochromatic x-ray beam strikes 
the sample, it gets absorbed by one of the atoms and in turn ejecting photoelectron from the 
sample. The energy of the ejected photoelectron depends on several factors. And it has 
specific kinetic energy signal from which is picked up by the detector. The kinetic energy 
can be determined as:  
𝐸𝐾 = ℎ𝜐 − 𝐸𝐵 − 𝜑. (2.6) 
where hυ – energy of incident x-rays, EB –  binding energy of photoelectron and φ – the 
work function (energy difference between vacuum and Fermi level) of the material. The 
XPS spectra can be understood as a result of two processes. The first is the ionization of the 
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absorbing site and creation of a photoelectron. The second part is interaction of ejected 
photoelectron with the other atoms in the sample and its ejection into the vacuum. The 
sampling depth of the atom is defined as thickness at which 95% of photoelectrons are 
scattered before they reach the surface. Photoelectrons that are ejected at the depth d with 
intensity Io with have its intensity attenuated by the material when electrons reach the 
surface. The attenuation process is described by Beer Lambert law: 
𝐼𝑆 = 𝐼𝑂𝑒
𝑑
𝜆⁄  (2.7) 
where λ is inelastic mean free path of an electron in solid. At a depth of 3λ 95% of 
photoelectrons are scattered before they reach the surface. Inelastic mean free path depends 
on kinetic energy of the photoelectron and specific material. It can be estimated using 
universal curve of inelastic mean free path of electrons. For radiation of Al Kα, λ is around 
1-3.5 nm which gives sampling depth of 3-10nm.  
 The signal picked up by the detector corresponds to kinetic energy of photoelectron 
which in turn is converted to binding energy. (Shifts in binding energy is also referred as 
chemical shifts.) For atoms in solid state, the binding energy can be viewed as contribution 
due to following parameters:  
𝐸𝑏 = −𝐻𝐹 + 𝑉𝑎 + 𝑉𝑒𝑎 − 𝑅𝑎 − 𝑅𝑒𝑎 − 𝜑         (2.8) 
The first term HF corresponds to calculated Harte Fock orbital energy for free atom, Va is 
the shift in HF energy due to valence charge (increase in valcene electrons decreases 
binding energy and vice versa), Vea shift in HF energy when free atom is placed in solid, 
Ra intra-atomic relaxation energy, Rea extraatomic relaxation energy and φ work function 
of the material. Only Vea , Va and Rea will affect the magnitude and the direction of chemical 
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shift because they depend on on the presence of neighboring atoms.  Va  q/r, where q- 
change in valence charge and r is a radius of valence shell. Vea  -αq/r where α is related 
to Madelung constant. Both Va and Vea are initial state effects. On the other hand extra 
atomic relaxation energy Rea corresponds to reaction of electron density of the surrounding 
atoms to surroundings to creation of electron hole in target atoms, which is final state 
effect.  
Spectra were analyzed using CasaXPS software (version 2.3.14) [33]. Peak fitting 
of the XPS spectra is done as a combination of Gaussian-Lorentzian functions. One of 
which corresponds to the resolution of the detector. Area peak ratio due spin - orbit splitting 
was held fixed, energy and FWHM parameters were determined from the fits to XPS data.  
  
2.6 Superconducting Quantum Interference Device (SQUID) 
 Magnetic properties of the single crystals were measured using a Quantum Design 
MPMS-XL 5 D.C. SQUID [34] by the group of V. Poltavets in Michigan State University. 
Single crystals were randomly chosen from each batch for the magnetic measurements. 
When measuring the temperature-dependent or field-dependent magnetization, the samples 
were mounted on a clear/white plastic straw using a small amount of silicon grease or gel 
capsule. When measuring the effect of annealing on the temperature dependent 
magnetization, the sample compartment was purged with He gas. 
 
2.7 X-ray powder diffraction  
Prior to Fe implantation, the crystallinity of the SrTiO3 thin films was evaluated 
using powder x-ray diffraction. This technique involves using X-rays to identify the 
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composition of unknown phase.  X-rays interact with electrons in the atoms elastically and 
inelastically. If the arrangement of the atoms is periodic the resulting scattered spectra will 
have well defined sharp peaks (interference maxima) from which the crystal structure of 
the sample can be deduced. The condition for diffraction is governed by Bragg’s Law: 
2d𝑠𝑖𝑛𝜃 = 𝑛𝜆,   (2.9) 
where 𝜆 is the wavelength of the X-rays, 𝑑 is the distance between crystal plains, 𝜃 is the 
scattering angle. 
To avoid alignment effects between SrTiO3 grains, the deposited ~500±50 Å (QCM 
reading) layer was scrapped from silicon using a diamond cutter and placed on scotch tape. 
XRD measurements were done in a Bruker D8 Advance powder diffractometer using 
standard Bragg-Brentano geometry with Cu Kα radiation (λ = 1.5406 Å). Data were 
collected from 20
o
 to 80
o
 in 2θ, using a step size of 0.02o. 
 
 2.8. Experimental procedure summary 
The procedure outlined in the paper by J.Q. He et al. was taken as the starting point 
for the deposition [35]. The rationale for selecting their procedure is similarity of their 
system to ours.  As was mentioned earlier the thermodynamic stability of STO on silicon is 
not achievable at the experimentally allowable partial pressure of oxygen. As a result 
careful implementation of steps in the sequence is needed to achieve kinetic stability of the 
structure. Taking this aspect into account, the starting procedure involves careful control of 
deposition conditions to kinetically stabilize the structure. In order to determine the 
composition of the interface, the samples were investigated with XPS, while properly 
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adjusting the oxygen partial pressure, strontium and titanium flux and temperature of the 
substrate during STO recrystalization. The final procedure for producing clean samples on 
silicon is outlined below: 
 
1. Surface carbon contaminations were removed using oxygen plasma etching.  
2. Carbon free Si wafer was placed in buffered HF to remove silicon dioxide. 
3. HF-stripped sample was loaded into the deposition chamber within 20 min after 
the  HF etching procedure to minimize silicon oxidation.  
4. Residual SiO2 was removed by depositing 5-7 Å of Sr (QCM reading) and 
heating the sample at 600 
o
C for 15min.  
5. Sample is heated to ~700 ºC and ~3-5 Å of Sr (QCM reading) is deposited.  
(Heating sample to 700 ºC would form SrSix (strontium silicide layer) which 
role is protecting underlying silicon from oxidation.) 
6. The sample is cooled to 200 ºC and an additional ~3-5 Å of Sr is deposited.  
(This step leads to formation of metallic strontium which facilitates the 
transition from Sr to SrO). 
7. 13-16 Å of SrO is deposited at oxygen background pressure of PO2= 4-51×10
-8
 
torr. 
8. 15-20 Å of TiO2 at oxygen background pressure of 1×10
-7
 torr.  
9. The SrO-TiO2 stack was annealed in vacuum at 400-450 ºC for 25 min.  
10. The sample was heated to 400-450 ºC and Sr and Ti at ratio 1:1 was co-
deposited at oxygen partial pressure 8×10
-8
 – 1×10-7 torr. 
35 
 
CHAPTER 3: ESTABLISHING A HIGH QUALITY STO/SI INTERFACE 
 
To achieve thermodynamic stability for potentially best device characteristics, 
SrTiO3 ultra-thin films on Si have to be pure, crystalline, have a sharp interface between 
the film and the substrate, and have well-defined stoichiometry. The first part of the project 
involved optimization of the above-mentioned parameters through step-by-step 
investigation, and establishing a good quality interface between thin film and a substrate. 
Film thickness and stoichiometry were examined by RBS. XRD was used to determine 
crystallinity of selected samples. XPS was used for the detailed examination of the 
interface composition. (Due to a short electron mean-free path, SrTiO3 film thickness must 
be < 8 nm for meaningful XPS studies.)  
Several groups have presented XPS results for STO thin films.  XPS data were used 
to determine composition and oxidation state of elements in contact with silicon. Published 
results tend to vary from one group to another depending on the conditions used for film 
growth [36, 37, and 38]. For example, G. Delhaye et al. reported silicate phase formation 
by observing the silicate peak in XPS at energy ~ 2 eV higher than Si
0
 [36]. X. Hu et al. 
reported silicate peak at 2.5 eV higher than Si
0
 while observing the effect of annealing 
temperature on the interface composition. Compared to [36], their model for STO/Si 
interface is more complex with different states of silicon oxide (SiO, Si2O3, and SiO2) 
being present [38]. On the other hand, V. Shutthanandan et al. examined effects of oxygen 
diffusion on structural properties of STO thin films and reported the appearance of a 
silicate peak at 102eV, or approximately 3eV above Si
0
 [37]. The summary of results of 
XPS signals from SrTiO3 done by various groups is shown in Figure 3.1 and Table 3.1. The 
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Figure 3.1: a) XPS spectra from reference [36] (top left); b) reference [37] (top right); c) 
reference [38] (bottom). 
(a) (b) 
(c) 
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technique was used determine the oxidation state of the silicon. In Figure 3.1a and 3.1b the 
presence of silicates of silicon was determine only qualitatively by looking at the 
emergence of the peak above Si
0
. On the other hand reference [38], figure c performed 
more detailed modeling of the interface, identifying various oxidation states of silicon in 
silicon oxides. The ratio of intensities silicon (Si
0
) to silicates (Si
n+
) was used as an 
indicator of the relative composition of phases at the interface.  
 
Table 3.1: Summary of Si and SrSiOx binding energies 
 Si peak (eV) SrSiOx (eV) Energy Difference (eV) 
Reference [36] 99.8 102.1 2.3 
Reference [37] 99.7 102.7 3 
Reference [38] 99.6 102 2.4 
 
It is worth keeping in mind that the composition of silicate phases can have different ratio 
of strontium to titanium thus different shifts in energy position compared to silicon. 
 
 Our first custom-built Ti source proved to be unstable at the beginning of this 
project, and due to a long waiting time for the commercial Ti mini-ball source described in 
Chapter 2, titanium source was not initially available to us. As a result, the first attempts 
were made to recreate an interface using only strontium source. Several samples were 
prepared with varying deposition parameters, including (i) surface treatment before 
deposition, (ii) metallic Sr layer thickness, and (iii) SrO deposition temperature and time. 
The details of the growth procedure are outlined in Table 3.2. All samples were 
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characterized by XPS ex situ. 
 
3.1 Investigation of SrO/Si interface  
 The XPS data was processed with Casa XPS [33]. Prior to XPS fitting, all spectra 
were adjusted to have the carbon peak at 285.0 eV. This energy peak corresponds to carbon 
contamination when samples are exposed to atmosphere. Table 3.3 summarizes the C-C 
peak energies of original and corrected values for SrO samples. Furthermore, all 
subsequent XPS spectra presented in this thesis have been aligned to this energy (285.0 
eV).  The most relevant information was extracted from strontium (Sr 3d) and silicon (Si 
2p) region scans. The summary of XPS results is presented in Tables 3.4 and 3.5. 
 
Table 3.2: Growth steps and the summary of deposition parameters during SrO growth 
 
  Sample 1 Sample 2 Sample 3 Sample 4 
0 HF etching to remove SiO2  x x x x 
1 
SiO2 removal (substrate temperature, 
o
C) 800-850 800 800 800 
2 SrSix layer (deposition at ~700 
o
C), Å                    >8 3 4 <2 
3 Sr layer ( deposition at < 200 
o
C), Å          >8 3 4 <2 
4 Oxygen partial pressure, Torr                            1.01×10
-7
  1.01×10
-7
 1.01×10
-7
 1.01×10
-7
 
5 Annealing temperature, 
o
C  550-600 500-550 520 550 
6 Anticipated SrO layer thickness. Å                                           ~18-20 15-18 20 ~18-20 
7 Approximate annealing time, min                                                  20 10 20 20 
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Table 3.3: Charge correction for SrO/Si samples 
Charge 
Correction 
Carbon Old 
(eV) 
Carbon 
New (eV) 
Sample 1 286.18 285.0 
Sample 2 285.90 285.0 
Sample 3 285.83 285.0 
Sample 4 285.84 285.0 
 
Table 3.4: Summary of Sr 3d3/2
 
and 3d5/2
 
peaks for SrO and SrSiOx, eV 
 
Table 3.5: Summary of silicon peaks, eV 
 
Si  2p3/2 FWHM SrSiOx p3/2 SrSiOy p3/2 FWHM 
Sample 1 - - - - - 
Sample 2 98.7 0.61 100.2 102.15 1.75 
Sample 3 98.75 0.67 100.44 102.1 1.43 
Sample 4 98.75 0.6 100.43 102.19 1.57 
 
Stronitum Oxide (SrO) Strontium Silicate (SrSiOx) 
 
Peak 1 Peak 2 FWHM Peak 1 Peak 2 FWHM 
Sample 1 133.7 135.4 1.63 - - 
 Sample 2 133.4 135.2 1.65 132.4 134.2 1.06 
Sample 3 - - 
 
133.63 135.4 1.54 
Sample 4 133.5 135.2 1.68 132.55 134.3 1.13 
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 Before proceeding further, it is worth noting that strontium oxide is unstable when 
exposed to ambient atmosphere. It reacts with carbon dioxide and/or water vapour to form 
strontium carbonate or strontium hydroxide respectively: 
SrO + CO2 = SrCO3 
SrO + H2O = Sr(OH)2 
 Young V. et al. have done extensive XPS studies on strontium compounds and 
reported that it was impossible to distinguish between strontium oxide and strontium 
carbonate using strontium binding energies only [39]. Also, in support of their findings, one 
of the available XPS databases “Handbook of monochromatic XPS spectra” shows that 
there is only a small difference (less than 0.2 eV) between the binding energy of strontium 
in both oxides and carbonates [40]. The summary of published energy values of strontium, 
oxygen, and carbon for strontium oxide, strontium carbonate, and strontium oxide are 
presented in Table 3.6.  
Table 3.6: Binding energies (eV) of carbon, oxygen, and strontium in Sr compounds 
    Carbon (eV) Oxygen (eV) Strontium (eV) 
1 Strontium carbonate  284.40 N/A 130.10 
2 Strontium oxide  284.52  529.76  127.8 
3 
Decomposed strontium oxide 
(SrO exposed to ambient 
environment)  284.48  526.31  128.22 
 
 From the collected XPS spectra, one sample (sample 1 or S1, see Table 3.2) was 
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identified with the lowest peak intensities from silicon (Si
0
). The detailed scans around Si 
2p (~110-95 eV) and Sr 3d (140-130 eV) are presented in Figure 3.2 for this sample, which 
was used as a reference. The weak (low intensity) signal from silicon indicates a rather 
thick non-silicate layer. In addition a good quality fit was produced with only one strontium 
peak at 133.7 eV.  The peak was assigned to strontium oxide/strontium carbonate. The 
position and full width half-maximum (FWHM) of the strontium peak is similar to 
SrO/SrCO3 relatively to energies based the handbook of monochromatic XPS spectra. 
These parameters were used as reference values for interface analysis of other Sr/Si 
samples. 
 
3.1.1 XPS results for the silicon 2p region  
 Measurements of XPS energy positions for the oxidation states of silicon have been 
conducted previously by our group using the same XPS instrument, and published in a 
paper by Barbargiovanni, et al. These results were used to identify Si
0
 and Si
4+
2p peaks 
Because of inconsistency of available data for silicates, it was difficult to identify exact 
composition of the phase for this reason FWHM parameter was kept fixed for comparable 
peaks between different samples. 
A typical XPS spectrum for the Si 2p region is shown in Figure 3.3. The Si
0
 peak is 
at 99.2 eV (consistent with [41]). One can also see a distinct peak near 101 eV, which is 
approximately 2 eV above Si
0
, and a broad shoulder or a peak 102.5 eV. The first peak at 
101eV was assigned to strontium silicate SrSiOx phase (I), see Table 3.5. The second peak 
(at  102.2  eV)  is  at  lower  energy  compared  to  silica  (SiO2),   which   indicates  that  it 
  
42 
 
 
 
Figure 3.2:  XPS spectra of a) Sr 3d region (top) and b) Si2p region (bottom) for SrO/Si 
(Sample 1, Table 3.2). Red curve corresponds to measured signal, which was resolved to 
smaller peaks during peak fitting.  
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corresponds to the mixture of silicon sub-oxides and/or second strontium silicate phase, 
similar to that of Figure 3.1(top left).  The rest of the analyzed samples had similar Si 2p 
regions, with varying intensity of SrSiO3 (I) and SrSiO3 (II)/SiOx interface phases.  
 
3.1.2 XPS results for strontium 3d peaks  
The results from XPS fits for Sr 3d peaks are presented in Table 3.4. Generally 
strontium data are consistent with silicon. It is not possible to use only a single peak to fit 
XPS data for samples 2 and 4 and keep comparable FWHM. Tentatively the second peak 
was assigned to Sr silicate. However, the data from sample 3 indicates that there is a very 
small energy difference between the peaks for sample 3 and 2/4. In sample 3 (figure 3.3), 
the intensity of the SrSiOx peak compared to silicon is higher relative to other samples; 
nevertheless the extracted parameters around strontium are almost identical to those of 
samples 1, 3, and 4. Note again that in sample 2 using only one peak for Sr produced good 
results. In other words, it is impossible to use only the Sr peak region to determine the 
silicate or the carbonate phase. Thus it is very difficult to determine if the first peak in S2,4 
corresponds to SrO or SrCO3, and precisely identify the second peak. Alternatively, there is 
a possibility that the second peak at lower energy corresponds to oxygen-deficient 
strontium oxide. Regardless, the precise nature of this phase is of minor importance for this 
study and could be the topic of future investigation.  
The following main conclusions can be drawn from the results. First and foremost, 
the difference between the energies of strontium silicate and strontium carbonate is very 
small, limiting the usefulness of strontium peak in identification of silicates. Secondly, it is 
quite possible that several phases of strontium silicates form during thin film growth. While  
44 
 
 
 
 
 
 
Figure 3.3: XPS spectra of a) the Si 2p region (top) and b) Sr 3d region (bottom) for SrO/Si 
(Sample 2, Table 3.2).  
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Figure 3.4: XPS spectra of a) the Si the 2p region (top) and b) Sr 3d region (bottom) for 
SrO/Si (Sample 4, Table 3.2).   
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the second stage of the growth process is the deposition of Sr and formation of 
submonolayer silicide at high temperature, questions still exist concerning the final 
composition and structure of this interfacial silicide after exposure to oxygen, or from high 
annealing temperature and/or high oxygen partial pressure. In fact, transformation of the 
silicide layer to silicate was predicted based on the first principle calculations [42]. (During 
deposition the best base vacuum (prior to growth) we could achieve was of an order of     
1e-8torr, since the pumping speed was quite low at that time).  
Following SrO depositions the chamber was modified by installing a Ti source and 
a second turbo-pump. As a result the vacuum reached the low 1×10
-9
 to high 1×10
-10
 torr, 
allowing deposition under better-controlled conditions, similar to the ones reported in the 
literature. 
 
3.2 Investiagation of SrTiO3/Si interface 
 
3.2.1 XPS and RBS results of SrTiO3 films on Si  
 The results described in the previous subsection were used to prepare higher quality 
thin SrO films, as well as to better identify the composition of the interface. In the process 
of minimizing the interface thickness during deposition of STO thin film several 
parameters have been varied, namely:  
 1) the procedure for SiO2 removal with Sr prior to thin film deposition;  
 2) temperature of the substrate during formation of strontium silicide (SrSix) phase; 
3) annealing temperature for during recrystallization of the STO thin film. 
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 These steps turned out to be the most crucial because of the difficulty of precisely 
controlling the deposition rate at 1Å accuracy, with temperature and annealing time having 
the largest effect on the interface.  
The summary of prepared samples and deposition parameters is presented in Table 
3.7. Annealing temperatures were estimated to the best of our ability using a combination 
of (i) thermocouple, (ii) voltage vs. current curve and (iii) visual inspection of Si light 
emission. Oxygen partial pressure and annealing time were kept constant during 
deposition. 
Table 3.7:Summary of deposition parameters for SrTiO3/Si samples. 
 Step     1 2 3 4 5 6 7 
1 Sr SiO2 removal  x  x  x  x  x  x  x  
2 
SrSix thickness, 
Å ~3 ~3 ~2 ~4-5 ~3-5 ~3-5 ~3-5 
3 
SrSix 
temperature, ºC 
650-
700  
650-  
700  700 700 
700-
750  
700-
750  
700-
750  
4 
Sr (metal) 
thickness, Å 3 2 2 ~2-3  4 4 4 
5 
SrO (thickness), 
Å 12 15 15 
~10-
15  ~17  ~15  ~15  
6 
SrO O2 (partial 
pressure), torr  ~5-8  ~5e-8  ~4-5e-7  ~5e-8  ~5e-8  ~5e-8  ~5e-8  
7 
TiO2 
(thickness), Å      ~10-15  15 17 10-15  ~19  ~16  ~16  
8 
O2 (partial 
pressure), torr  1×10
-7
 1×10
-7
 
 
1×10
-7
 
 
1×10
-7
 
 
1×10
-7
 
 
1×10
-7
 
 
1×10
-7
 
9 
Annealing 
temperature,  ºC 
500- 
550  450 450 >550  
300-
350  400 500 
10 
Annealing time, 
min  20-25  20-25  20-25  20-25  20-25  20-25  20-25  
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3.2.2 Comparison of the interface model of SrTiO3/Si and reference sample 
In order to determine thickness, impurities, and interface composition of the 
prepared samples, they were measured with Rutherford backscattering spectroscopy (RBS) 
in random and aligned geometry. RBS spectra in both random and aligned geometries for 
SrTiO3/Si (Sample 3, Table 3.7) are given in figure 3.5. As there is practically no difference 
between the number of counts in the strontium/titanium peaks in random and aligned 
geometries, it is reasonable to conclude that these thin films are in either a polycrystalline 
or an amorphous phase. Since only surface and disordered layers are visible in aligned 
geometry, one would expect a lower peak intensity in aligned geometry for epitaxial films. 
This information is a valuable indicator for increasing annealing time if an epitaxial thin 
film is desired.  
Several models for composition of the interface have been applied. In Figure 
3.5(top) the fit to RBS spectrum corresponds to a 1 layer model. The model consists of 20Å 
thick SrTiO3 with Sr to Ti to O ratio being 1:1:3 on top of the Si substrate with interface of 
a zero thickness.  Lower experimental intensity of strontium and oxygen peaks compared to 
calculated ones indicates that there are some additional phases presents.  In RBS fit, shown 
in Figure 3.6, an additional layer was incorporated into a model.  Best results were 
achieved when the 20Å STO top layer (1:1:3) is followed by 20Å of strontium silicate 
(1:1:3) on the Si substrate. 
To better understand the XPS results from our samples and obtain a semi-
quantitative picture, the structure of SrTiO3/Si (Sample 3) was compared to the reference 
SrTiO3/Si sample with a well-known composition and structure. The latter was grown by 
molecular beam epitaxy by the group of Dr. Schlom at Penn State using procedure 
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described in [9]. The thickness and composition of the interface was determined using a 
combination of medium ion energy scattering and depth resolved x-ray photoemission 
spectroscopy by another member of our group. The structure consists of 30Å single crystal 
STO thin film, followed by a layer with Sr0.06Si0.3O0.6 composition with a real density of 
5e15 atoms/cm
2
, which corresponds to the approximate thickness of ~10Å (using density 
of silica 2g/cm
3
).  It is worth noting that the interface in the reference sample is far from 
ideal - it is not a sharp atomic interface with uniform thickness but instead it may consist of 
islands of strontium silicates with varying thicknesses. It is very likely that our sample has 
a similar interface structure. This information indicates that using two techniques with 
varying accuracy is far from ideal, yet sufficient for drawing some qualitative conclusions. 
Ideally to determine the composition and structure of the interface one would have to use 
transmission electron microscopy. Possible ways of achieving epitaxial interfaces are 
discussed in more detail in Chapter 5.  
 
3.2.3 XPS results of STO reference sample and single crystal STO  
High-resolution XPS spectra for STO single crystal and reference STO thin film on 
Si were measured in the Sr, Ti, O and C peak regions. The extracted parameters were used 
as reference values. These values are necessary for determining deviation and identifying 
the composition of prepared samples.  The summary of the extracted values is presented in 
Table 3.8. Figure 3.7 shows the strontium region for STO SC and STO thin film. Strontium 
thin film has two sets of peaks present, with the wider one at 133.7 eV most likely 
corresponding to Sr0.06Si0.3O0.6, and the narrow one at 132.6 eV belonging to strontium 
titanate. The oxygen region is given in Figure 3.8 and has two distinct peaks. One peak at   
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Figure 3.5: RBS spectrum for SrTiO3/Si (Sample 3, Table 3.7) in random geometry. (Note: 
there is almost no detectable difference between the measurements in random and aligned 
geometries). 
 
~529 eV corresponds to oxygen in the STO lattice, while the second peak appears at ~531 
eV and corresponds to various phases among which could be strontium silicate. Little 
further information  can be  extracted  from  these  data  because compounds with different 
composition can have peaks of the same energy. For example, in STO SC the second 
oxygen peak is most likely due to “defective oxide” and/or possible contaminants that were 
introduced during production process. On the other hand, since the composition of the STO  
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Figure 3.6: RBS spectra (red scatters) and RBS fits (blue line) for sample #3 in aligned 
geometry. a) Top figure corresponds to the model consisting of 20Å SrTiO3 on silicon.       
b) Bottom figure corresponds to 20Å SrTiO3 / 20Å SrSiO3/Si.  
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Figure 3.7: XPS spectra of the Sr 3d region for a SrTiO3 thin film in a) the reference sample 
(top) and b) STO single crystal (bottom).  
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Figure 3.8: XPS spectra of the O 1s region for a SrTiO3 thin film in a) reference sample 
(top) and b) STO SC (bottom).  
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interface reference sample is known, the second oxygen peak must belong to the strontium 
silicate phase. While these two peaks are approximately at the same energy there is a range 
of compounds that can give same signal, thus making it difficult to know for certain. 
 
3.2.4 XPS results of deposited STO thin films  
The most valuable information about the composition of the interface is extracted 
from silicon 2p spectra. Table 3.8 and Figure 3.9 provide the summary of the energies and 
FWHM of the Si. The structure of silicon region consists of the two peaks separated by 2 - 
2.5 eV.  The first peak at ~98.7 eV was identified as silicon Si
0
 from the substrate, the 
energy of the second peak is below 103 eV which is not high enough to attribute to SiO2 
exclusively.  An attempt was made to fit the spectra with several peaks including SiO2, 
however, we were unsuccessful. Still, based on the MEIS results from the reference 
sample, the presence of silica or other silicon oxide species cannot be ruled out completely. 
If one uses the ratio of heights of silicon to silicate peaks as a measure, one can be certain 
that higher ratio corresponds to interface with smaller thickness. Also, small variation in 
energy between the samples was observed. It is not significant to attribute it to another 
phase of silicon oxide.  Additionally there is a noticeable variation in FWHM values, from 
the lowest at 1.5 eV to the highest value of 2.1 eV. Samples with silicates at higher FWHM 
values also had slightly wider silicon peaks. Since the parameter is a result of convolution 
of two functions: the resolution of detector and lifetime of photoelectron, it is likely that the  
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Table 3.8: Summary of silicon energies, eV 
Sample #   
 
Silicon      Silicon         
Si/SrSiOx ratio  
   
SrSiOx p3/2     Si p3/2  Si p1/2     
Energy (eV)  FWHM  Energy (eV)  Energy (eV)  FWHM  
1 101.03 2.18 98.7 99.32 0.8 3.75 
2 101 2.07 98.77 99.39 0.78 1.8 
3 100.78 1.8 98.58 99.2 0.84 2.25 
4 101.02 1.92 98.73 99.35 0.68 1.57 
5 100.37 1.44 98.35 98.97 0.76 1.1 
6 100.65 1.47 98.53 99.15 0.66 0.84 
7 100.84 1.65 98.89 99.51 0.81 0.93 
8 100.36 1.54 98.07 98.69 0.74 2.4 
Reference  101.13 1.87 98.42 99.04 0.8 3.86 
 
observed variation was due to detector or charging because the samples were measured at 
different times.  Another parameter, the ratio of Si
0
 to SrSiO3 peaks, was introduced to 
approximate the thickness of the layer, assuming the thickness of the STO layer remained 
constant since XPS fits were not normalized. Most of the prepared samples had similar 
amounts of strontium and titanium deposited (Table 3.7). 
Among the prepared samples, S1, S3 and S7 have the highest Si/SrSiO3 ratio and 
possibly have the highest interface quality (SrSiO3 thickness). The same samples also have 
low intensity of oxygen peak at energies of silicate, which indicates that silicate layer is  
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Figure 3.9: Summary of energies of silicon peak (pink) and silicon in strontium silicate 
(blue). Note that there is ~2-2.5eV energy difference it is consistent with results from ref. 
[36] and [38]. Sample 9 corresponds to reference strontium titanate. 
 
rather thin.  Among the parameters that minimize interface thickness are annealing 
temperature, moderate use of strontium during initial stages of growth, and removal of 
SiO2 with Sr prior to deposition.  
 In order to eliminate any possibility of other phases present at the interface it is 
worth examining XPS scan for sample 3 (S3) for Si and comparing it to the reference 
sample. The structure of sample 3 was analyzed with RBS, which showed 20 Å of SrSiO3.  
Figure 3.10 depicts the results of the Si fits for both materials. Apart from the ratio of the 
intensities of silicon to silicate, the two spectra are quite similar. The presence of a second 
peak in oxygen for Sample 3, Figure 3.11 (top), points out that there is only a weak signal  
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Figure 3.10: XPS spectra of Si 2p region in reference sample (top) and SrTiO3/Si (Sample 
3, table 3.7) (bottom) 
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from silicates. No other distinct phases are detectable from XPS data. In fact, the more 
pronounced signal from silicates in S3 could be due to a thinner STO layer and a slightly 
thicker SrSiO3. 
Figure 3.11 (b) shows fits to the XPS spectrum for silicon region for sample S1. 
During deposition the amount of Sr used in the initial stages of growth was smaller 
compared to that used for S3. The amount of Ti and Sr during subsequent stages of growth 
was kept approximately the same for all samples, so it is reasonable to infer that the layer 
of STO is the same or a few Å smaller in S1 than in S3. 
The effect of annealing temperature on the quality of the interface was also 
investigated and the results are presented in Figure 3.12.  XPS scans for Si regions for 
samples S5 and S7, which were deposited under similar conditions, show little variation in 
intensity of the silica peaks. As a result, it is difficult to conclude if lowering the 
temperature reduces the thickness of silicates based on acquired data.  It is likely that 
significant amount of SiO2 was formed when the sample was transferred from the 
cleanroom to the deposition chamber. A Certain amount of SiO2 (less than 1 monolayer) 
may still be present when the sample is loaded into the deposition chamber.  Wei et al. 
[8];showed that SiO2 can be removed by depositing several monolayers of strontium and 
heating the sample to 500-600 ºC for 20 min. XPS fits for Si are shown in figure 3.13. 
There is a difference between the intensity of silicate peak for two samples, which points to 
a thinner layer in sample 8.  Relatively large amounts of strontium were used during initial 
stages of growth suggesting that the layer could be further minimized with a more 
controlled Sr deposition.   
59 
 
 
 
 
Figure 3.11: a) XPS spectra of Si 2p region for sample 1(top) and b) O 1s region for 
SrTiO3/Si (sample 3) (bottom). 
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Figure 3.12: a) XPS spectra of Si 2p region for SrTiO3/Si sample 5 (top) and b) Sample 7 
(bottom). 
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 XPS measurements for Sr do not reveal any additional information about the 
composition. Typically one can expected to detect a separate set of peaks that correspond to 
silicate phase, however, no additional signal from Sr was observed. The oxygen region, on 
the other hand, provides additional information about identifying silicate phase. For 
samples that display large silicate region the secondary oxygen peak has much higher 
intensity (Figure 3.13). 
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Figure 3.13: XPS spectra for O 1s region for SrTiO3/Si (sample 7). 
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CHAPTER 4: DEFECTS AND MAGNETISM IN IRON-IMPLANTED STO  
 
As was discussed in Chapter 1, the ideal SrTiO3 is diamagnetic, since none of the 
ions possess unpaired electrons. However, commercial substrates have been observed to be 
weakly ferromagnetic [45]. The origin of this ferromagnetic contribution is still not well 
understood. It can be due to Ti and O vacancies, Ti
3+
 ions or possible contamination due to 
iron during manufacturing of single crystals. To date there have been several studies 
highlighting various contributions to magnetic behavior in SrTiO3 single crystals [44-49].  
I.R. Shein and A.L Ivanovski in a theoretical study [44] performed first-principles 
calculations using the full potential augmented plane-wave method and observed the 
formation of magnetic moments in oxygen and titanium vacancies.  The presence of 
titanium vacancies introduces spin polarization of oxygen atoms and oxygen vacancy leads 
to spin polarization of titanium atoms around both types of defects. They calculated the 
induced magnetic moment due to oxygen and titanium as 1.3 and 3.4μB per cell, 
respectively.  On the other hand, the presence of strontium vacancies in the lattice has 
negligible effect on magnetic properties. However, all defect types tend to induce metallic-
like behavior. 
Khalid et al. [45], used a superconducting quantum interference device (SQUID), 
particle-induced X-ray emission (PIXE) and X-ray absorption spectroscopy (XAS) to 
examine magnetic properties of several undoped single crystals, including SrTiO3. Weak 
ferromagnetic response was observed in the STO sample; however definite conclusions 
could not be drawn about its precise nature.  The degree of induced magnetic moment was 
found to be tied to the type liquid used in ultrasound cleaning.  Ethanol tends to increase 
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the ferromagnetic signal while acetones destroying it, indicating that majority of magnetic 
moments are located close to the surface (~10nm) and the magnetic response is heavily 
influenced by the surface termination. 
The effect of annealing environment on commercial STO substrates was studied by 
S.M. Ye et al. [46] the results indicated the disappearance of the ferromagnetic response 
after samples were annealed at 600 
o
C in air. The authors suggested that the magnetic 
moment arises due oxygen vacancies that vanish after annealing in air. At the same time, a 
direct relationship was shown between ferromagnetic response and the presence of small 
amounts of iron, possibly in the form of a mixture of Fe, Fe3O4 and Fe2O3 [46]. It is often 
possible to identify the type and concentration of defects by examining the color of the 
samples visually. The annealing of not implanted STO under vacuum (or in reducing 
atmosphere) leads to the bluish color. Such color change is the direct result of the increased 
concentration of oxygen defects, as well as Ti
3+
 sites.  
Finally, in the most recent study by Potzger et al. [48] defect-induced ferromagnetism 
was investigated for ion irradiated (Ar
+
, N
+
, H
+
) and annealed (900-1100
o
C) single crystal 
STO. The irradiation dose used was quite high, of the order 11017-11019 ions/cm2. The 
conclusion was that there is a narrow range for the oxygen vacancies and Ti
3+
 
concentrations which gives rise to defect-induced ferromagnetism. Beyond that, increase in 
the concentration of defects (due to higher irradiation does) gives rise to secondary STO 
phases and the material loses its ferromagnetic properties. 
Before proceeding further into discussion of our results on the magnetic properties in 
SrTiO3, we will continue the introduction of magnetism in metal oxides (from Chapter 1), 
with an emphasis on experimentally measured properties. 
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4.1 Magnetic properties of oxide materials 
4.1.1 Diamagnetism, paramagnetism and ferromagnetism 
Every atom has an intrinsic diamagnetic response in the presence of external 
magnetic field. The nature of diamagnetism and paramagnetism can be understood as a 
collective response of individual noninteracting atoms/ions to an external magnetic field. 
Since the number of particles in the solid is of the order of Avogadro’s number, methods of 
statistical physics have to be applied.  
One can start from the Hamiltonian describing electrons in an individual atom:  
𝐻0̂ = ∑ (
𝑝𝑖
2
2𝑚
+ 𝑉𝑖)
𝑍
𝑖=1
 
(4.1) 
In the presence of an external magnetic field, B, the equation cannot be solved exactly, and 
calculations require perturbation theory.  An additional term is added to the expression of 
the momentum which takes into account the kinetic energy of the electron due to the 
magnetic field: 
where A is the vector potential; g~2 is the gyromagnetic ratio; 𝜇𝐵 is the Bohr magneton, B 
is an external magnetic field, 𝑚𝑠 = ±
1
2
  is  the spin of the electron. The last term is the 
energy of free electron in the magnetic field B. Equation (4.2) can be further re-written 
using spin, S, and orbital angular, L, numbers:  
?̂? = ∑
[𝑝𝑖 + 𝑒𝐴(𝑟𝑖)]
2
2𝑚
𝑍
𝑖=1
+ 𝑉𝑖 + 𝑔𝜇𝐵𝐵𝑚𝑠 
(4.2) 
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𝐻 = 𝐻0̂ + 𝜇𝐵(𝐿 + 𝑔𝑆) ⋅ 𝐵 +
𝑒2
8𝑚𝑒
∑(𝐵 × 𝑟𝑖)
2 
(4.3) 
The second term in the equation is referred as the Van Vleck term for paramagnetism and it 
comes into play if second order perturbation theory is taken into account.  If the applied 
magnetic field is parallel to z axis and the cross product term can be simplified to the 
following: 
Using first order perturbation theory the difference in energy with and without external 
field is: 
𝛥𝐸0 =
𝑒2𝐵2
12𝑚𝑒
∑〈0|𝑟𝑖
2|0〉
𝑍
𝑖=1
 
(4.4) 
If, instead of an individual atom, a collection of N atoms in a volume V is considered, one 
can use the Helmholtz free energy, F, and extract magnetization, M. At T = 0K the 
Helmholtz free energy and magnetization are defined as: 
   𝐹 = 𝐸 + 𝑇𝑆 = 𝛥𝐸0 (4.5) 
so magnetization M equals to  
𝑀 =
−𝜕𝐹
𝜕𝐵
=
−𝑁
𝑉
𝜕𝛥𝐸0
𝜕𝐵
= −
𝑁𝑒2𝐵
6𝑚𝑒𝑉
∑〈𝑟𝑖
2〉
𝑍
𝑖=1
 
(4.6) 
In turns, magnetic susceptibility, , is calculated as  
𝜒 ≈
𝑀
𝐻
≈
𝜇𝑜𝑀
𝐵
 
(4.7) 
so 
  (𝐵 × 𝑟𝑖)
2 = 𝐵2(𝑥𝑖 + 𝑦𝑖
2) (4.3a) 
67 
 
𝜒 =
−𝑁
𝑉
𝑒2𝜇𝑜
6𝑚𝑒
∑〈𝑟𝑖
2〉
𝑍
𝑖=1
. 
(4.8) 
At higher temperatures additional terms have to be introduced, but their effect is rather 
marginal and the diamagnetic susceptibility is largely temperature independent. [50] 
Now, if the atom has at least one unpaired electrons its response to the magnetic field 
will be different. Instead of inducing a moment to cancel the external magnetic field, it will 
align itself parallel to the field in order to minimize the energy.  
For the generalized case, when total angular momentum can take values between J=-
1/2 and J=, and the partition function Z is defined as 𝑍 = ∑ 𝑒
𝑚𝐽𝑔𝐽𝜇𝐵𝐵
𝑘𝑏𝑇
𝐽
𝑚𝐽=−𝐽
,  where 𝑚𝐽- Z 
component of total angular momentum, and 𝑚𝐽𝑔𝐽𝜇𝐵𝐵 is just the energy of magnetic dipole 
in the presence of the magnetic field B. 
For the sake of simplicity, we introduce the variable x and redefine the partition 
function Z in terms of it. (It is worth keeping in mind that number of terms in the 
summation is (2𝐽 + 1)). We define 𝑥 =
𝑚𝑗𝑔𝑗𝜇𝐵𝐵
𝑘𝑏𝑇
 so that 𝑍 =
𝑠𝑖𝑛ℎ((2𝐽+1)
𝑥
2
)
𝑠𝑖𝑛ℎ(
𝑥
2
)
. The 
magnetization in turn can be calculated from the Helmholtz free energy: 𝐹 = 𝑘𝐵𝑇𝑙𝑛(𝑍).  
Helmholtz free energy is used to calculate the total magnetization 𝑀 = 𝑛𝑔𝐽𝜇𝐵〈𝑚𝐽〉 =
𝑛𝑘𝐵𝑇
𝜕𝑙𝑛(𝑍)
𝜕𝑍
 and the term   〈𝑚𝑗〉 =
∑ 𝑚𝐽
𝐽
𝑚𝐽=−𝐽
𝑒𝑚𝐽𝑥
∑ 𝑒𝑚𝐽𝑥
𝐽
𝑚𝐽=−𝐽
=
1
𝑍
𝜕𝑍
𝜕𝑥
.   If we can introduce another 
substitution 𝑦 = 𝑥𝐽 then total magnetization M is redefined as: 𝑀 = 𝑛𝑔𝐽𝜇𝐵𝐽𝐵𝐽(𝑦). The 
term 𝑛𝑔𝐽𝜇𝐵𝐽 is saturation magnetization and  𝐵𝐽(𝑦) is the Brillouin function: BJ(y) =
2J+1
2J
coth (y
2J+1
2J
) −
1
2J
coth (
y
2J
).    
68 
 
For certain systems, it is common practice to fit the experimental magnetization 
curves with the Brillion function to extract the effective magnetic moment, which 
subsequently is used as an estimate the number of paramagnetic particles. This was done in 
Ref.[47], in order to estimate the number of induced paramagnetic Ti
3+ 
ions due to 
annealing and ion bombardment. 
 
4.1.2 Superexchange, itinerant exchange interaction and spin glasses 
 Long range magnetic order in various materials arises due to indirect exchange 
interactions between magnetic atoms.  The nature of this largely depends on the material, 
and it is more prominent in ionic solids compared to metals. The mathematical treatment of 
the interaction processes is rather complex. Still, it is good idea to give a brief qualitative 
description of two, since it helps to shed light on interaction processes of our system. 
 On one hand, superexchange interaction characterized by a strong coupling between 
two non-neighboring magnetic cations which is mediated by a nonmagnetic anion, 
typically oxygen, located between the two.  The process involves hopping of the hole from 
one anion site to another and it gives rise to antiferromagnetic coupling. This configuration 
results in reduction of kinetic energy because unpaired electron becomes delocalized. 
Figure 4.1 shows this process graphically.  
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Figure 4.1: Superexchange in magnetic insulator. (Adapted from reference [43].) 
 
Here arrows denote electron spin. Configuration (a) corresponds to the ground state of the 
system, while (b) and (c) correspond to the excited states. The exchange interaction energy 
J is defined as ratio of the square of matrix element of transition over the energy required to 
create excited state. The matrix element of the transition is controlled by the hopping 
integral (t) and the cost of making excited state is the Coulomb energy, U.  𝐽~
𝑡2
𝑈
 .  
In metals where electrons are delocalized, a different type of interaction between 
magnetic moments takes place. The process involves polarization of conducting electron by 
magnetic moment, which in turn polarizes another site with magnetic moment at distance r. 
𝐽(𝑟)~
cos (2𝑘𝐹𝑟)
𝑟3
. The interaction is long range within exchange interaction term J is 
proportional to the separation between magnetic moments.  Depending on the separation 
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the term can be positive or negative, thus giving rise to ferromagnetic or antiferromagnetic 
order.  
 A spin glass phase arises in nonmagnetic lattices which are being randomly 
populated by magnetic atoms. Such a  system does not have a well-defined order. However, 
despite its randomness there is observable transition from a disordered state (at high 
temperature) to another non-ordered, but distinctly different from the high-temperature 
disordered state.  Such a system is defined as a magnetic spin glass and is characterized by 
cooperative freezing of magnetic moments due to competing interactions below some 
temperature. In other words below the transition temperature there is no change in 
magnetization because moments freeze in random directions. The interactions are of 
predominantly of itinerant type, where the sign (positive or negative) is determined by the 
distance between magnetic moments. 
 
4.2 Experimental details 
 
Nine (001)-oriented SrTiO3 single crystals were implanted with iron at doses ranging 
from 2×10
14
 to 2×10
16
 Fe/cm
2
. Selected samples were annealed to reduce ion-induced 
damage effects. Using SQUID magnetometry, magnetization measurements ((i) 
magnetization as a function of temperature, and (ii) magnetization as a function of external 
magnetic field) were performed to identify underlying magnetic order. The summary of 
samples prepared and measurements done is presented in Table 4.1. 
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Table 4.1: Summary of samples measured with SQUID. 
 
Implantation dose (Fe ions/cm
2
) 
Annealing 
temperature (
o
C) 0 2×10
16
 8×10
14
 2×10
14
 
as is 
    M vs. T 
    M vs. H 
M vs. T 
 M vs. H M vs. T M vs. T 
300 x M vs. H M vs. T M vs. T 
350 x  M vs. H  M vs. T M vs. T 
 
4.2.1 RBS and XRD analysis of SrTiO3 film on Si 
 In parallel to STO single crystals, several SrTiO3/Si films (30-50 nm thick) were 
deposited and characterized structurally and compositionally for future magnetic 
measurements. The RBS spectrum for deposited thin SrTiO3 film on Si (001) in channeling 
geometry is shown in Figure 4.2. The calculated fit was generated using a model with 1 
layer of strontium titanate with thickness of ~720 Å with and ratio of Sr to Ti of 1 to 1 
precisely. Note that the strontium peak is not perfectly flat, indicating a small possible 
concentration gradient due to thermal fluctuations in the Sr source.  Both measured and 
simulated spectra were within following condition:   
 
√#𝐶𝑜𝑢𝑛𝑡𝑠𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑  > #𝐶𝑜𝑢𝑛𝑡𝑠𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − #𝐶𝑜𝑢𝑛𝑡𝑠 𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑. 
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Figure 4.2: RBS spectrum for ~700Å SrTiO3 thin film on silicon with 2MeV He
+
 in the 
normal incidence geometry. 
 
 The degree of crystallinity of the same was determined from powder X-ray 
diffraction and is presented in Figure 4.3. The low intensity of the peaks is the result of 
rather small amount of STO used. The majority of peaks were identified to be SrTiO3 and 
Si from XRD database, indicating crystalline phase. While there is a good qualitative 
agreements between experimental and database peak positions, intensities are not an exact 
agreement, possibly due to the partial alignment between SrTiO3 and Si lattices and the 
way who the film for prepared for powder diffraction analysis. 
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Figure 4.3: Powder XRD spectrum for a ~700Å SrTiO3 film grown on silicon. 
 
4.2.2 XPS results of iron-implanted SrTiO3 single crystals 
 The presence of Ti
3+
 may give rise to magnetic behavior. If there is sufficient Ti
3+ 
concentration in the near-surface region, any signal from either Fe and/or Ti
3+
 would 
indicate a presence of magnetic moments and would reveal some information about its 
nature.  Figure 4.2 and 4.3 present XPS Sr and Ti spectra for the single crystal SrTiO3 and 
SrTiO3 sample implanted at 2×16 ions/cm
2
. The most important result is that titanium 
spectra is rather indistinguishable from one another which means that there are no 
additional phases such as Ti
3+
-Ti
0
 present. For all implanted samples the signal from Fe 
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was almost undetectable, indicating that concentration of iron is too low to be detected or it 
is buried deep into the surface which is beyond the capacity of XPS to detect.  Note, that 
the XPS fit for Ti in the not-implanted sample is far from ideal. However, if Ti was in a 
lower oxidation states (Ti
3+
-Ti
0
), the peak would be shifted (or be broadened) below 
~458eV but not above.  
 
4.3 Magnetic properties of Fe-implanted SrTiO3  
In order to investigate the emergence of magnetic order the measurements were done 
at magnetization vs magnetic field and magnetization vs temperature modes. If there was 
any phase transition it would have been visible and sudden increase in magnetization.  The 
summary of measurements that were performed is presented in Table 4.1. Due to limited 
time availability of they were done at 50 kOe and 1 kOe. A half of the measured results had 
too much noise. The signal from the rest of the samples was weak, making it difficult to 
draw any quantitative conclusions.  Nevertheless, some qualitative results about the 
magnetic order in the sample can be drawn.  
Magnetizations (M) vs. magnetic field (H) measurements were done at fields sup to 
50kOe which is equivalent to 1T. The original measurement units were in emu (magnetic 
moment) and were converted to magnetization (emu/cm
3
) by dividing data by the volume 
of the sample. Figure 4.5-4.10, show the magnetization curves for SrTiO3 single crystal 
at5K and 300K, plus the same material but implanted at 2×10
16
 Fe /cm
2 
and annealed at 
350
 °
C. Immediately one can notice that for low magnetic field (below 2 kOe) 
magnetization increases, indicating predominantly paramagnetic or anti/ferromagnetic 
contribution. Large noise in the data made it difficult to measure any hysteresis response.  
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Figure 4.4: XPS spectra of Ti 2p region for a) single crystal SrTiO3 (top); b) SrTiO3 sample 
implanted at 2×16 Fe ions/cm
2 
(bottom). 
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As the magnetic field increases, the response become predominately diamagnetic (the sign 
of magnetization and the magnetic field become opposite). This behavior was expected 
since SrTiO3 is diamagnetic and apparently the contribution due to non-diamagnetic phases 
is only minor.   
The common feature of all graphs is the presence weak positive magnetization at low 
magnetic field. In addition, the graphs show that maximum magnetization is largely 
independent of the temperature at which measurements were made. Compared to Figures 
4.5 and 4.6, M vs. H curves for implanted and implanted/annealed samples have slightly 
weaker non-diamagnetic response compared to single crystals. This is unusual behavior, 
and we can speculate that there must be contribution to positive magnetization due to Ti/O 
defects and/or Ti
3+
 in not-implanted sample.   
One can estimate the ferromagnetic contribution due to iron Fe
3+ 
(the most preferable 
configuration in SrTiO3). For a 0.50.50.05cm non-magnetic STO sample with  2×10
16
 Fe 
ions/cm
2 
implanted Fe
3+
 ions ([Ar]3d
5
 in electron
 
configuration), iron is expected to 
contribute ~0.02 emu/cm
3 
to the saturation magnetization. Using the results of the SRIM 
simulation [31] a 30 keV Fe beam, each Fe ion will induce approximately ~120 oxygen 
vacancies in damage and ~60 titanium vacancies in damage. The induced magnetic 
moment due to oxygen and titanium vacancies from ref. [44] would give  the estimated 
total contribution due to vacancies would be 0.578 emu/cm
3
 due to oxygen 0.3emu/cm
3
 due 
to titanium.  However the results of magnetization measurements show the opposite 
response, maximum magnetization decreases by factor of 3 for implanted sample and 
increases after annealing at 350 ºC. At this point it is hard to conclude the precise nature of 
the observed variation.  
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 One of the possible indicators about the performance of the system would be to 
extract the diamagnetic susceptibility compare to the literature values. It can be easily 
determined by fit for the linear region. The extracted slope was multiplied by the factor 4π 
to convert slope from emu/(cm
3
×Oe) to a dimensionless quantity. The results are presented 
in Table 4.2.  
 
Table 4.2: Diamagnetic Susceptibility for SrTiO3 samples 
  
SrTiO3  SrTiO3  SrTiO3  SrTiO3,  
as is literatureas is 2×1016 Fe 2×1016 Fe, 350oC 
5K -6.69×10
-06
 -1.10×10
-05
 6.26×10
-06
 -4.71×10
-07
 
300K -6.7196×10
-06
 -7.79×10
-06
 1.46×10
-05
 -5.23×10
-07
 
 
The reported measurements of susceptibility for strontium titanate are close to  -
 1.02×10
-7
cm
3
/g at 300 K and -0.92×10
-7
cm
3
/g at 4.2 K [49].  Multiplying these values by 
density of STO ~5.13 g/cm
3
 gives the result of ~5×10
-7
.The difference between known 
values and measured ones is quite large, more importantly there is very big change in 
diamagnetic constant for the sample implanted with 2×10
16
 Fe/cm
2
 350 
o
C sample 
measured at 5 K and 300 K. On one hand the change between SrTiO3, as is, and 2×10
16
 Fe 
ions/cm
2 
sample could be attributed to possible impurities; however for samples at 2×10
16
 
Fe ions/cm
2
 at 350 
o
C the susceptibility becomes more negative at room temperature. This 
result is very unusual, because the diamagnetic susceptibility is tied to electron orbitals and 
thus largely unaffected by the temperature. The most likely way to account for the 
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difference is the calibration of the system or the way these measurements were done. 
However, one should not discount the possibility that the implanted system is highly 
complex and the difference could arise due to interactions.  
Note that some of the magnetization vs. magnetic field curves (Figure 4.6-.4.10) may 
show a very weak hysteresis loops. However the data are too noisy to make this conclusion 
clear enough.  
Typical paramagnetic, ferromagnetic and antiferomagnetic responses from 
magnetization vs. temperature measurements are shown in Figure 4.11a. The phase 
diagram for molecular oxygen is presented in Figure 4.11b. The information about oxygen 
phase transitions is useful in interpreting some of our magnetization vs. temperature results 
because the majority of the samples indicate oxygen contamination.  This is typical 
problem that occurs when there are leaks from atmosphere and oxygen is condensed on the 
substrate.  
In Figure 4.8 shows abrupt transition from beta to gamma oxygen; however it is 
applicable only for the bulk oxygen [52].  Below 45 K the oxygen undergoes paramagnetic 
to antiferromagnetic transition, which it characterized by the alignment of nearby spins in 
opposite direction.  The presence of such, antiferromagenetic contamination will 
skew/obscure signal from SrTiO3, thus making the interpretation of the signal from SrTiO3 
rather difficult and data unreliable.  
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Figure 4.5: Magnetization vs. magnetic field for single crystal STO measured at 5K. a) top 
figure shows the full range of applied fields, b) the bottom figure focuses on the fields 
close to zero. 
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Figure 4.6: Magnetization vs. magnetic field for single crystal STO not implanted and not 
annealed, measured at 300K. 
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Figure 4.7: Magnetization vs. magnetic field for single crystal STO implanted with 2×10
16
 
Fe ions/cm
2
 and not annealed, measured at 5K. 
-0.045
-0.03
-0.015
0
0.015
0.03
0.045
-60 -40 -20 0 20 40 60
M
ag
n
et
iz
at
io
n
 (
em
u
/c
m
3
) 
Magnetic Field (kOe) 
0 Oe to 50 kOe
50 kOe to -50 kOe
-50 kOe to 0 Oe
-0.005
-0.0025
-1E-17
0.0025
0.005
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
M
ag
n
et
iz
at
io
n
 (
em
u
/c
m
3
) 
Magnetic Field (kOe) 
0 Oe to 50 kOe
50 kOe to -50 kOe
-50 kOe to 0 Oe
82 
 
 
 
Figure 4.8: Magnetization vs. magnetic field for single crystal STO implanted with 2×10
16
 
Fe ions/cm
2
 and not annealed, measured at 300K. 
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Figure 4.9: Magnetization vs. magnetic field for single crystal STO implanted with 2×10
16
 
Fe ions/cm
2
 and annealed at 350 ºC, measured at 300K. 
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Figure 4.10: Magnetization vs. magnetic field for single crystal STO implanted with 2×10
16
 
Fe ions/cm
2
 and annealed at 350
 
ºC,  measured at 300K 
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Figure 4.11: (a) Typical responses from magnetization vs. temperature measurements for 
paramagnetic, ferromagnetic and antiferromagnetic materials [51].  (b) Oxygen phase 
transitions [52]. 
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In fact the majority of the data, for example, 2×10
14
 ions/cm
2
 dose, Figure 4.12, 
shows a signal that can be attributed to oxygen contamination.  This can be determined by 
looking at the data for the 8×10
14
 Fe/cm
2 
sample measured at 1 kOe and 50 kOe external 
magnetic field. Figure 4.8a and 4.8b (note, data for not annealed sample are identical, 
however it is flipped so 8×10
14
 ions/cm
2
, 350 ºC at 50 kOe was used instead for comparison 
purposes).  Assuming that diamagnetic variation is constant from 0 to 300 K, the 
diamagnetic contribution (table 4.2) χH was subtracted from the magnetization data.  
Figure 4.12-4.14 shows zero field cooled (ZFC) and field cooled (FC) magnetization 
curves at 1 kOe external magnetic field for not implanted and 1k, 50kOe for implanted 
2×10
16
 Fe/cm
2 
 SrTiO3 sample. Magnetization vs. temperature measurements were done by 
cooling sample to 4 K without external magnetic field followed by measuring 
magnetization as sample is heated, this mode is referred to as zero field cooled or ZFC. 
After this sample is cooled to 4 K in the presence of the external magnetic field, this mode 
of measurements is called field cooled or FC. The major difference between not implanted 
and implanted ample is the observed splitting at ~50 K. Such splitting is a characteristic of 
spin glass phase when there are conflicting ferromagnetic/antiferromagnetic interactions. 
Also close to 10K sudden increase in magnetization might indicate the formation 
ferromagnetic phase. Still the signal is weak and it is rather hard to draw any firm 
conclusions.  Similar splitting was reported for Ar irradiated samples in the study of defects 
on magnetic properties of STO [48]. Unfortunately the rest magnetizations vs. temperature 
data were not available for samples annealed at 300 and 350 ºC. 
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Figure 4.12: Magnetization vs. magnetic field measurements for 2×10
14
 Fe ions/cm
2 
at a) 
1kOe (top) and b) 50kO (bottom). 
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Figure 4.13:  Magnetization vs. temperature measurements for single crystal STO samples 
at a) 1kOe (top) and b) 50kO (bottom).  
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Figure 4.14: Magnetization vs. temperature measurements for single single crystal STO 
implanted with 2×10
16
 Fe ions/cm
2
 at a) 1kOe (top) and b) 50kO (bottom). 
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK 
 
 The integration of epitaxial, functional oxides with semiconductors is a field with 
enormous potential. The work completed in this thesis presents important steps towards 
integration of SrTiO3 with Si, growth strategies, and integration issues. In the first part of 
this work we built and calibrated strontium and titanium sources, and refined growth 
parameters for establishing crystalline and stoichiometric strontium titanate thin films on 
silicon. At the optimized growth conditions thin films had a ratio of Sr:Ti = 1:1 as 
confirmed with RBS.  A high degree of crystallinity was confirmed by powder XRD.  The 
XPS measurements indicate the presence of a small amount of Sr silicates at the interface.   
The quality of the interface is far from abrupt, in fact it consists of a SrSiOx layer with 
possibly varying thickness across the sample. Moreover, the thickness of strontium silicate 
was shown to be minimized if annealing is performed below 500 
º
C.   
While the presence of the SrTiO3 crystalline phase was confirm by XRD, RBS 
results did not provide any evidence that our films are epitaxial (single crystal). Judging 
from the intensity of SrTiO3 peaks, it is likely that samples are polycrystalline with 
preferential orientation between crystallites. One possibility to achieve epitaxial or single 
crystal thin film growth is to control better initial SrSix layer formation. This can be 
possibly accomplished by refining the amount of deposited Sr, and varying annealing the 
temperature. The drawback with our growth set-up is rather difficult control of the 
thickness at submonolayer scale. 
On the other hand, the drawback of increasing temperature is fast degradation of the 
interface especially if it is not abrupt. In order to avoid the degradation of the interface the 
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precise and careful control the amount of deposited strontium during the first stages of 
growth is required. Abrupt and well defined interfaces would act as a diffusion barrier and 
will lead to better quality structures.   
There are several ways to accomplish this. One way is to use reflection high energy 
electron diffraction (RHEED). It would allow us to monitor the surface reconstruction of 
the silicon during initial strontium deposition steps. The deposition below the monolayer 
scale would be identified as surface reconstruction. For instance, at exactly 1/6 monolayer 
(ML) of deposited Sr coverage the RHEED pattern evolves into 3 reconstructions, 
whereas at 0.5 ML of deposited strontium the RHEED pattern returns to a 2  pattern with 
maximum intensity.  
SQUID measurements showed no observable phase transition. There was weak 
splitting between field-cooled and zero-field-cooled measurements, indicating possible spin 
glass behavior in Fe-implanted SrTiO3. However the presence of a transition is 
questionable because the system was contaminated with oxygen. The next step is to use a 
different SQUID setup to perform the same measurements on single crystal SrTiO3 as well 
as SrTiO3 thin films on silicon. In order to see if spin glass is present magnetic relaxation 
time can be measured with electron spin resonance (ESR). Quantitative analysis of the 
amount of Fe in all SrTiO3 samples (before and implantation) using particle-induced X-ray 
emission (PIXE) will shed light on the contribution of Fe phases in the observed magnetic 
behavior. 
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